First-order reversal curve (FORC) and remanence-based Preisach diagrams are alternative ways of determining the Preisach distribution of a sample, which incorporates information about the coercivity spectrum and the distribution of interactions and self-demagnetizing fields. We compare results of the two methods for well-characterized synthetic and natural samples containing single-domain (SD) and pseudo-SD (PSD) magnetite, maghemite, titanomagnetite and titanomaghemite. The greater time requirements of remanence as opposed to in-field measurements limited our Preisach diagrams to a few hundred points, compared to several thousand points for the corresponding FORC diagrams. Only minimal smoothing could be applied in order to limit the regions near the axes of the diagrams in which function values must be extrapolated. In spite of these restrictions, we find excellent agreement between the essential features of the distributions determined by the two methods. The main features, the location and spreading of the distribution peak, are very consistent. However, the low-coercivity part of the Preisach distribution is sometimes poorly resolved or not imaged at all for remanence-only measurements. Features in this region can be diagnostic of PSD and multidomain (MD) grains. The essential agreement between our FORC and Preisach diagrams in the region where they overlap justifies using the much faster FORC routine instead of traditional remanence-based Preisach methods to determine the Preisach distribution of palaeomagnetic samples without strong interactions. We propose a symmetric FORC protocol that would permit separation of the irreversible and reversible parts of the Preisach distribution. The irreversible part is what is determined by remanence-only methods and what is desired for characterization of the remanence behaviour of palaeomagnetic samples. The reversible part is most significant in detecting MD behaviour and screening out samples containing large PSD and MD grains.
PREI S A C H A N D F O RC D I A G R A M S
The Preisach (1935) diagram has long been used by the magnetic recording community to represent assemblies of interacting particles. In the classic Preisach model, a magnetic material is represented by a collection of elementary square hysteresis loops ('hysterons'), characterized by up-and down-switching fields a and b (Fig. 1) . The hysteron magnetization is +M s when the applied field H is ≥a and −M s when H ≤ b. When b < H < a, there is hysteresis: the magnetization in increasing fields remains at −M s until H reaches a, when it switches to +M s , while the magnetization in decreasing fields remains at +M s and switches to −M s at H = b. The Preisach distribution F(a, b) is the density of hysterons in the Preisach plane (a, b) . * Now at: National Oceanography Centre, University of Southampton, European Way, Southampton SO14 3ZH, UK. E-mail: czc@noc.soton.ac.uk In Néel's (1954) interpretation of the Preisach diagram, a and b are related to the coercivity field H c and the local interaction field H i . If H i is parallel to the field H applied to a single-domain (SD) grain, the grain's hysteresis loop will be offset. The upswitching field a is H c − H i and the downswitching field b is −H c − H i (Fig. 1) .
Reversible magnetizations can be represented by elementary ramp functions with a < b (Fig. 1) . These are not useful in palaeomagnetism. In addition, hysterons with b > 0 or a < 0 are generally not useful because they have no choice of remanent state. They can only occur if |H i | > H c , and interactions this strong would render a rock unusable palaeomagnetically. Nevertheless, these hysterons are included in the first-order reversal curve (FORC) diagram as defined by Roberts et al. (2000) . They are excluded in the classic remanent Preisach diagram as defined by Bate (1962) and introduced into rock magnetism by Dunlop & West (1969) . The difference between FORC space and classic remanent Preisach space (the fourth quadrant of the Preisach diagram) is made clear in Fig. 1 . shows the region where a FORC diagram is calculated, the dark grey the region where a Preisach diagram is calculated after Dunlop et al. (1990) .
Ideally the Preisach function F(a, b) should be independent of the method used to determine it. FORC diagrams are determined from a series of minor hysteresis loops (first-order reversal curves or FORCs), which include both reversible and irreversible magnetizations. The classic Preisach diagram is determined from a series of minor isothermal remanent magnetization (IRM) loops, which measure only irreversible magnetization changes. The two methods in principle should give the same remanent Preisach distribution (i.e. the fourth quadrant or a > 0, b < 0 part of the distribution), but this has never been tested. In a similar way, major and minor hysteresis loops have never to the authors' knowledge been used to systematically predict such purely remanent properties of a sample as AF demagnetization, anhysteretic remanence (ARM) acquisition, IRM acquisition or IRM backfield 'DC demagnetization' curves, although they contain the information about irreversible magnetization that should make such predictions possible. In contrast, prediction of remanent properties and coercivity spectra derived from them is straightforward using the classic Preisach diagram (Woodward & Della Torre 1959 , 1960 Daniel & Levine 1960; Bate 1962; DellaTorre 1965; Dunlop & West 1969; Fabian & von Dobeneck 1997; Heslop et al. 2004) .
In practice it has been assumed that the distribution measured by the FORC protocol, like the classic Preisach function, is the product of two independent distributions, f (H C ) measured along the diagonal a = −b representing the coercivity spectrum in the absence of interactions, and g(H i ) measured perpendicular to a = −b representing the distribution of grain interaction fields H i . This is essentially based on the Néel (1954) interpretation of the Preisach function for SD particles, although it has pragmatic support from the properties of measured FORC diagrams (Roberts et al. 2000) . This aspect of FORC-Preisach parallelism is somewhat obscured by the different symbols used in the two methods. (H a , H b ) are used to denote the turning point and step size in FORCs, ultimately leading to a distribution ρ(H a , H b ), which is assumed to have the separability properties demonstrated by Néel:
This assumption is implicit in the transformation of variables from (H a , H b ) to (H c , H u ) (Roberts et al. 2000) . H u ≡ H i in the case of SD grains, although not for pseudo-SD (PSD) or multidomain (MD) grains, where H u represents self-demagnetizing fields ('interactions' among domain walls). The FORC diagram is rotated 45 o with respect to the Preisach diagram (Fig. 1 ), but its fundamental properties, in particular separability of the distribution function, are taken to be equivalent. The separability assumption in FORC diagrams has been tested by Carvallo et al. (2004a) for SD particles and over a broader grain size range by Muxworthy & Dunlop (2002) , who compared their results with earlier separability tests of the remanent Preisach diagram (Dunlop et al. 1990) .
Outside geophysics, the FORC protocol (described in detail in the next section) has been regarded as simply one method of measuring the Preisach diagram (Mayergoyz 1991; DellaTorre 1999) and the FORC diagram is not afforded any special or independent status. Automated, sensitive and rapid measurement of minor hysteresis loops using alternating gradient force magnetometers (AGFMs) and modern vibrating sample magnetometers (VSMs) makes the FORC methodology appealing. By comparison, remanent methods are slow, even when automated, because the field must be ramped up and back down for each measurement.
Nevertheless, there are good reasons for not passing over the remanent Preisach method, and the experimental FORC-Preisach comparison we make in this paper is by no means an academic exercise. First, as we pointed out above, the equivalence of the Preisach functions determined from purely irreversible magnetization measurements and from induced magnetization, combining reversible and irreversible changes, has never been demonstrated on the same sample to our knowledge. Second, remanence, not induced magnetization, is what palaeomagnetists deal with and there is no more direct way of linking the Preisach distribution with the natural remanent magnetization (NRM) properties of a sample than by using a remanent Preisach procedure to derive the distribution. Third, the predictive capability of Preisach diagrams in relating AF, ARM, IRM and DC demagnetization properties of a sample is demonstrated. The predictive capability of a FORC kernel is less well tested (Muxworthy & Dunlop 2002; Carvallo et al. 2004a) .
At the same time, there are some drawbacks, both practical and inherent, to the classic Preisach diagram. Speed is one consideration: the FORC method is much faster. Related to speed, the smaller number of data typically collected for a remanent Preisach diagram limits the resolution of the Preisach function near the a and b (or H a , H b ) axes, where interpolation and smoothing of data are necessary. A similar problem exists near the H c and H u axes in the FORC diagram but not at the (H a , H b ) axes. The two extra half-quadrants in the FORC diagram are of little interest for SD grains but can be vital in identifying large PSD and especially MD carriers because large self-demagnetizing fields are characteristic of such particles. Key information is then contained outside the fourth quadrant, although in practice such samples are not stable palaeomagnetically.
PROTOCOL S F O R M E A S U R I N G T H E P R E I S A C H D I S T R I B U T I O N
There are a number of protocols for measuring Preisach diagrams. The initial state of the sample plays a role in the final Preisach distribution because sample self-demagnetizing fields as well as the local interaction field affect the behaviour of an SD grain. Dunlop & West (1969) and Dunlop et al. (1990) used AF or DC demagnetized states, which leads to a more symmetric function than departing from a saturated state. The earliest and simplest way of measuring the Preisach diagram is to apply a series of positive and negative fields and measure IRM at each step. By differencing the successive IRMs, F(a, b) is determined in squares on a grid.
Alternatively, a Preisach diagram can be measured using the Everett function (DelVecchio 1980; Hejda & Zelinka 1990) :
and
where H 0 is a lower turning point and H does not exceed the previous upper turning point.
As originally defined, M included only irreversible processes but the generalized Everett function includes reversible processes. Hejda & Zelinka (1990) used 10 turning points (i.e. 10 reversal curves) to determine Everett and Preisach functions.
The Everett function is by definition symmetrical, leading to symmetrical Preisach functions (Mayergoyz 1991) . However, measured Preisach distributions are not symmetrical if the system is not adequately described by the Preisach-Néel model. For example, selfdemagnetizing fields representing non-local magnetostatic interactions will result in non-ideal behaviour. The moving Preisach model, in which the effective field is the sum of the applied field and an interaction field proportional to the overall magnetization, accounts for most of the asymmetry in the measurements of Hejda & Zelinka (1990) .
The procedure for determining a FORC diagram is given by Pike et al. (1999) and Roberts et al. (2000) . The initial state is positive saturation. H is decreased to a turning point H a and increased up to saturation through a set of field steps H b . This process is repeated for about 100 different values of H a . The FORC distribution is
where The FORC protocol is not only very similar to the Everett function procedure described earlier for determining the Preisach diagram, it is actually identical to the Preisach protocol of Girke (1960) . Therefore, there is no question that the FORC method is but one protocol for obtaining what should be, apart from experimental complications like self-demagnetizing fields, a universal Preisach function. Our purpose in this paper is to test a deeper question alluded to earlier, the equivalence between the Preisach/FORC function derived from in-field measurements and the remanent Preisach function derived from remanence measurements alone.
MEAS U R E D F O RC A N D R E M A N E N T P R E I S A C H D I A G R A M S
3.1 Measurement procedure and data smoothing FORC diagrams were measured following the above protocol with a resolution of about 75 × 75 points for a selection of synthetic and natural samples. Preisach diagrams were determined for the same samples using a saturation IRM initial state and a protocol similar to that of Dunlop & West (1969) . From the initial state, a field −H 1 was applied and the resulting IRM M r 1 measured. Then, a series of positive fields +H 2 were applied and a set of new IRMs M r 2 were measured. The differences M r 1 − M r 2 are the remanences associated with the corresponding squares on the Preisach diagram. In our study, the resolution varied between 10 × 10 points and 30 × 30 points. To save time, lower resolution was used where possible (strong, stable remanences) and the resolution was increased when necessitated by weaker, noisier data.
Most FORC and Preisach data were acquired using a PMC MicroMag model 2900 AGFM. Measuring reversal curves and analysing the results to produce a FORC diagram takes about 30 min. Determining a Preisach diagram is much more time-consuming (average 4 hr) because the field must be ramped up and down for each IRM measurement. The range of values taken by the Preisach function is usually small and the signal-to-noise ratio is fairly low, typically 10/1. Therefore, some smoothing is necessary for a comparison with FORC diagrams. We used a smoothing routine similar to that used for FORC diagrams, taking a running average in two directions (corresponding to SF = 2). When SF is increased, the distribution on the edges of the Preisach diagram is truncated in the same way described above for FORC diagrams. However, because a Preisach diagram has many fewer points than a FORC diagram, the region lost close to the axes is relatively large (this is shown as a blank area in the experimental diagrams that follow). We therefore used SF = 2 for most of the Preisach diagrams, averaging over the nine nearest points.
In order to compare them with FORC diagrams, we rotated the Preisach diagrams 45
• , and assumed that H a ≡ a and H b ≡ b (Fig. 1 ). FORC and Preisach distributions are normalized to their respective maxima. However, the minima of the functions are usually different. In the case of FORCs, they can take negative values (due to noise in some cases). This explains why the greyscales are sometimes different for FORC and Preisach diagrams of the same sample.
Results for W5000 magnetite
W5000 is a synthetic equidimensional magnetite (Wright Company, mean grain size 0.34 µm (Yu et al. 2002) . The FORC distribution with SF = 2 (Fig. 2) is noisy but characteristic of SD or small PSD grains, with closed oval contours centred on the H c axis. The remanent Preisach distribution (Fig. 2) , with a resolution of 23 × 23 points, is also fairly noisy but is similar in form to the FORC distribution.
The main peak occurs around 45 mT on the Preisach diagram and around 43 mT on the FORC diagram. The two distributions are roughly symmetrical, centred on the horizontal axis, and the spreading along the horizontal axis is also in good agreement between the two diagrams: the half-width along the horizontal axis is 53.8 mT on the Preisach diagram and 59.5 mT on the FORC diagram.
With SF = 2, the main peak shows more noise on the FORC diagram than on the Preisach diagram, although the Preisach diagram is noisier on the edges. This result is surprising, because although the same smoothing was used in both diagrams, the FORC diagram has about 10 times more data points than the Preisach diagram.
Results for elongated SD synthetic maghemite
This sample contains grains of average length 0.45 µm and average elongation 9.4. Its characteristics are described in detail byÖzdemir & Banerjee (1984) . FORC diagrams at various temperatures are shown in Carvallo et al. (2004a) . The FORC distribution has smooth contours with minimal noise (Fig. 3) . The main peak is not perfectly symmetrical but has lobes extending to high H c and negative H u .
The Preisach diagram contains 18 × 18 points. The agreement between the FORC and the Preisach diagrams, both with SF = 2, is excellent (Fig. 3) . The main peak occurs at the same H c value on both diagrams (45 mT). The noise levels are very similar. High H c and negative H u lobes are also present in the Preisach distribution. The half-width of the main peak along the H c axis is 25.8 mT on the Preisach diagram and 24.5 mT on the FORC diagram. Along the H u axis, the half-widths are 21.5 mT on the Preisach diagram and 21 mT on the FORC diagram.
Results for basalt sample from Detroit seamount
This sample contains homogeneous titanomagnetite and was taken during Ocean Drilling Program (ODP) Leg 197 (Carvallo et al. (Fig. 4) , even though the resolution of the Preisach diagram is only 15 × 15 points. On both diagrams, the whole distribution slants below the H c axis, and the distributions are asymmetric in similar ways. Spreading along the H u and H c axes is fairly consistent (7.9 mT for the Preisach diagram, 7.7 mT for the FORC diagram along the H c axis; 5.2 mT for the Preisach diagram, 4.7 mT for the FORC diagram along the H u axis). We also measured a Preisach diagram with a higher resolution close to the origin to amplify the characteristics of the main peak.
Contours close to the H u axis are only visible on the FORC diagram; the remanent Preisach diagram does not include this region. These contours have diagnostic value for this sample: the outer contours of the main peak do not close but diverge and intersect the H u axis, a MD or large PSD characteristic, due to strong selfdemagnetizing fields. This feature is invisible using the remanent Preisach diagram.
Results for two basalt samples from Koko seamount
These samples were also collected during ODP Leg 197, on Koko seamount. Titanomaghemite is the NRM carrier (Carvallo et al. 2004b) . The FORC diagram of the first sample (Fig. 5) is characteristic of non-interacting and very hard (high-coercivity) SD grains. The coercivity peak is well separated from the H u axis and the spreading parallel to the H u axis is very limited compared to spreading along the H c axis. The Preisach diagram has the same features. Considerable spreading of the distribution along the H c axis is observed in both diagrams. The half-width along the H u axis is 13.7 mT on the Preisach diagram and about 16 mT on the FORC diagram. The resolution of this Preisach diagram is quite high (30 × 30 points). This particular example shows very good agreement between the FORC and the Preisach diagrams.
The FORC diagram of the second Koko seamount sample is characteristic of PSD grains, with contours that do not close but intersect the H u axis (Fig. 6) . The Preisach diagram (resolution 10 × 10 points) shows only the maximum of the distribution close to the origin of the diagram. The large region blanked out along the H a and H b axes in the Preisach diagram leaves one in doubt whether or not the contours close. The much smaller loss of information close to the H u axis in the FORC diagram leaves no doubt that they do not close.
Results for basalt sample from Nintoku seamount
For this final sample, the noise level with SF = 2 is quite high, especially on the FORC diagram (Fig. 7) . Nevertheless, the two diagrams show good similarity. The Preisach diagram contains 20 × 20 points. The main peak is located at the same H c value (25 mT for the Preisach diagram, 23 mT for the FORC diagram) and the spreading along the H c axis is also very similar on both diagrams (25 mT on the Preisach diagram, 24 mT on the FORC diagram).
DISC U S S I O N
The Preisach diagrams in Figs 2-7 agree well with the corresponding FORC diagrams in their general features, such as the coercivity H c at which the distribution peaks and the amount of spreading along the H u and H c axes. Other features, for example, lobes in the H u or H c directions (in the case of the maghemite sample in Fig. 3 , for instance), or the type and amount of asymmetry (Figs 3 and 4) , are similarly represented on both diagrams. Therefore, remanent Preisach and FORC diagrams give basically the same Preisach function. This in turn answers the deeper question posed at the outset. In-field and remanence-only measurements do give similar Preisach distributions within the region where they can be compared, namely the fourth quadrant of the Preisach diagram.
This close correspondence indicates that the Preisach distribution is fairly stable (not influenced by strong non-local interactions) for these samples. The comparison is probably helped by similar protocols that started in each case from a saturation state of induced or remanent magnetization. On the other hand, this inherently asymmetric procedure, beginning from one extreme rather than from a demagnetized initial state, promotes asymmetry in the measured Preisach distribution.
Considering that Preisach diagrams as measured here represent only the remanent part of the magnetization distribution, it is perhaps surprising that the agreement between the FORC and Preisach diagrams is so good. The current measuring procedure used to make FORC diagrams does not allow separation into a remanent and an induced part, because the descending major loop and the ascending FORCs are not symmetrically measured. The major hysteresis loop starts from saturation, but the FORCs depart from non-saturating negative fields. The solution would be to modify the FORC measurement protocol by starting from a demagnetized state, cycling between +H a , −H a and +H a , then stepping up to a higher H a and cycling again. This protocol would allow the reversible and irreversible parts of the distribution to be separated by taking the sum and difference of ascending and descending minor loops.
Having satisfied ourselves that all the information given by a purely remanent Preisach diagram is also contained in a FORC diagram, there is no good reason to pursue the measurement of remanence-based Preisach distributions for their own sake. By adopting a symmetric FORC measurement routine, as just suggested, we can obtain the remanence-only distribution separately from the reversible magnetization part of the distribution if desired. Note that a symmetric measurement routine will probably lead to a more symmetric Preisach distribution; the asymmetric features we observed for some of our samples are likely to be suppressed. This is not to say that the stability of the Preisach distribution has been improved. Strong interactions due to internal demagnetizing fields will still distort the Preisach function compared to the idealized, local-interaction-only distribution envisaged by Preisach (1935) and Néel (1954) . Some version of the moving Preisach model (Hejda & Zelinka 1990 ) will still be needed to deal with the stability problem.
Other reasons for eschewing the remanent Preisach measurement procedure are problems inherent to the method and time limitations. The distribution contained in the fourth quadrant of the Preisach diagram is adequate as a kernel from which the remanent properties of an SD sample can be reconstructed (e.g. Dunlop & West 1969; Fabian & von Dobeneck 1997) but the increasing importance of selfdemagnetizing fields within grains subdivided into domains makes the extra two half-quadrants included in FORC diagrams important for detecting MD and all but the smallest PSD grains. SD and small PSD grains have closed contours that are easily recognized in both types of diagrams (Figs 2, 3 and 5) but the evolution to larger PSD and MD grains, where the contours do not close but intersect or spread parallel to the H u axis, is hidden on a 4th quadrant Preisach diagram (Figs 4 and 6) . Spreading of some of the contours almost parallel to the H u axis when H c is small is well displayed on the FORC diagram in Fig. 4 but not at all on the Preisach diagram.
In Fig. 6 , the peak in the FORC distribution is very close to the H u axis and is barely visible on the Preisach diagram, even though the rest of the distribution is well imaged. Because of the large area of the fourth quadrant blanked out near the (H a , H b ) axes, it is even uncertain whether the contours close around a peak very close to the origin (SD behaviour) or intersect the H u axis (PSD behaviour). The latter is the case, as the FORC diagram shows clearly. The region near the H u axis where contours must be extrapolated is quite minor because of the much larger grid of data points in the FORC diagram.
The loss of resolution near the boundaries of either diagram is not an inherent problem. The area of incompletely filled smoothing grids can always be reduced by increasing the number of measurements or by reducing grid size, i.e. SF. However, reducing the smoothing is not acceptable with noisy data, and increasing the amount of data is not always an option. There are practical limits on the time devoted to characterizing one sample. FORC measurements taking typically 30 min-1 h are a reasonable investment of time but the remanence-only equivalent lasting several hours is not.
MD grains, whose magnetization is dominated by induced magnetization, cannot be imaged on remanent Preisach diagrams. Almost all the important information is concentrated along the H u axis at small H c . This is why we did not attempt to compare FORC and Preisach diagrams for MD samples.
Features of the distribution close to the H u axis must be interpreted with care because of the extrapolation of grid points during smoothing. However, none of the important features seen on our FORC diagrams could be attributed to this processing artefact, because the smoothing factor was kept low. Compared to Preisach diagrams, only a small region of the FORC diagrams is affected by this problem. Typically, about 3 per cent of the FORC diagram close to the H u axis might be extrapolated. Noisy features close to the H u axis (Fig. 5) are probably caused by this artefact, whereas more definite features that extend well beyond 3 per cent of the total H c range (Figs 3 and 4 , for instance) are probably real.
CONC L U S I O N S
(1) For the six examples presented in this paper, there is good agreement between FORC and Preisach diagrams in their region of overlap, in particular in the location of the distribution peak and the half-widths of the peak in the H c and H u directions.
(2) Because our Preisach diagrams were determined entirely from remanence measurements while the FORC measurements combined reversible and irreversible magnetization changes, the Preisach distribution is equally well determined by remanence-only or by in-field methods, at least for samples without strong non-local interaction fields.
(3) We suggest a symmetric FORC measurement protocol that would permit the reversible and irreversible parts of the Preisach distribution to be separated.
(4) Since the irreversible part of the Preisach distribution is in principle retrievable from in-field FORC measurements, there is no practical advantage to remanence-only Preisach measurements, which are much more time-consuming than in-field measurements and have other practical drawbacks, as listed below.
(5) A FORC diagram typically contains about 6000 data points and takes about 30 min to 1 h to measure and process. Remanencebased Preisach diagrams, even if automated, contain only a few hundred points and take several hours to determine because the field must be ramped up and down for each measurement.
(6) Because of the larger number of points, FORC diagrams have a smaller area (about 3 per cent) based on extrapolation near the boundary of the diagram than remanent Preisach diagrams. This effectively blanked-out region strongly limits the resolving power of the Preisach diagram, and also limits the smoothing that can applied to noisy data.
(7) Although these practical problems with remanence-based Preisach diagrams are not inherent, they seem inescapable, given the limitations on time that can be devoted to characterizing a single sample. For a realistic investment of time, the information content of a FORC diagram will be at least 10 times that of a remanent Preisach diagram. We therefore advise concentrating efforts on optimizing the FORC procedure to maximize the symmetry, stability and separability of the resulting Preisach distribution function.
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